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ABSTRACT
The arbon-enhaned metal-poor (CEMP) stars onstitute approximately one fth of the metal-poor ([Fe/H] . −2)
population but their origin is not well understood. The most widely aepted formation senario, at least for the majority
of CEMP stars whih are also enrihed in s-proess elements, invokes mass-transfer of arbon-rih material from a
thermally-pulsing asymptoti giant branh (TPAGB) primary star to a less massive main-sequene ompanion whih is
seen today. Reent studies explore the possibility that an initial mass funtion biased toward intermediate-mass stars is
required to reprodue the observed CEMP fration in stars with metalliity [Fe/H] < −2.5. These models also impliitly
predit a large number of nitrogen-enhaned metal-poor (NEMP) stars whih is not seen. In this paper we investigate
whether the observed CEMP and NEMP to extremely metal-poor (EMP) ratios an be explained without invoking
a hange in the initial mass funtion. We onstrut binary-star populations in an attempt to reprodue the observed
number and hemial abundane patterns of CEMP stars at a metalliity [Fe/H] ∼ −2.3. Our binary-population models
inlude syntheti nuleosynthesis in TPAGB stars and aount for mass transfer and other forms of binary interation.
This approah allows us to explore unertainties in the CEMP-star formation senario by parameterization of unertain
input physis. In partiular, we onsider the unertainty in the physis of third dredge up in the TPAGB primary,
binary mass transfer and mixing in the seondary star. We onrm earlier ndings that with urrent detailed TPAGB
models, in whih third dredge up is limited to stars more massive than about 1.25M⊙, the large observed CEMP
fration annot be aounted for. We nd that eient third dredge up in low-mass (less than 1.25M⊙), low-metalliity
stars may oer at least a partial explanation to the large observed CEMP fration while remaining onsistent with the
small observed NEMP fration.
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Nuleosynthesis
1. Introdution
One of the most interesting problems in modern stel-
lar astronomy is to explain the existene of a popula-
tion of arbon-enhaned metal-poor (CEMP
1
) stars in
the Galati halo. The HK (Beers et al., 1992) and
Hamburg/ESO (Christlieb et al., 2001) surveys nd a
large number of CEMP stars among the metal-poor (EMP,
[Fe/H] . −2) population, at a fration around 20% (e.g.
9 ± 2% Frebel et al., 2006; 21 ± 2% Luatello et al., 2006;
up to 30% from the SAGA database of Suda et al., 2008 
see below for details).
The CEMP stars are subdivided into four groups de-
pending on the presene or absene of the heavy elements
barium and europium (see e.g. Beers & Christlieb, 2005).
The most populous group onsists of the s-proess rih
CEMP stars, the so-alled CEMP-s stars (e.g. Aoki et al.,
2007) whih display barium enhanements of [Ba/Fe] >
+0.5. These aount for about 80 per ent of all CEMP
⋆
Present address. Email Robert.Izzardulb.a.be
1 [C/Fe] ≥ 1, [Fe/H] . −2, where the logarithmi abundane
ratio [X/Y ] = log
10
(X/Y )− log
10
(X⊙/Y⊙).
stars. There are also CEMP stars with r-proess enhane-
ments (the CEMP-r lass) and some with both r- and
s-proess enhanements (CEMP-r+s, e.g. Jonsell et al.,
2006). Finally, there is a lass of CEMP stars whih show no
enhanement of neutron-apture elements. These are alled
the CEMP-no stars (Aoki et al., 2002). A detailed review
of the various CEMP subgroups an be found in Masseron
et al. (2009).
A quantitative understanding of the origin of CEMP
stars touhes on many branhes of stellar astronomy. The
most likely formation mehanism for the s-proess rih
CEMP stars involves mass transfer in binary systems.
Carbon-rih material from the TPAGB primary star pol-
lutes the lower-mass main sequene seondary suh that it
beomes enrihed in arbon and s-proess elements. We ob-
serve only the seondary today; the primary is an unseen
white dwarf. Surveys of radial veloity shifts nd that the
binary fration of CEMP-s stars is onsistent with them
all being binaries (Tsangarides et al., 2004; Luatello et al.,
2005b). This binary mass transfer senario is the same as
that whih is invoked to explain the Ba and CH stars (Iben
& Renzini, 1983; MClure, 1984; MClure & Woodsworth,
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1990; MClure, 1997). However, only about 1% of popu-
lation I/II stars are Ba/CH stars, respetively (Tomkin
et al., 1989; Luk & Bond, 1991). The CH stars are also
arbon-rih but not as metal-poor as the CEMP stars,
with [Fe/H] ∼ −1. The arbon-rih fration of 1 per ent
at higher metalliity is in stark ontrast to the observed
CEMP fration of around 20 per ent.
The mass-transfer senario involves many proesses that
are not well understood. There are unertainties assoiated
with stellar evolution, partiularly with respet to nule-
osynthesis in TPAGB stars. Carbon and s-proess enhane-
ments are thought to our via third dredge up, but other
proesses may also play an important role in low-metalliity
nuleosynthesis. These inlude hot-bottom burning (e.g.
Iben, 1975; Boothroyd et al., 1993; Herwig, 2004), dual
ore ashes (also known as helium ash driven deep mix-
ing) and dual shell ashes (helium ash driven deep mixing
during a thermal pulse, Fujimoto, Iben, & Hollowell 1990;
Shlattl, Salaris, Cassisi, & Weiss 2002; Cristallo, Straniero,
Lederer, & Aringer 2007; Campbell & Lattanzio 2008),
extra mixing on the rst giant branh and perhaps on
the TPAGB (e.g. Weiss, Denissenkov, & Charbonnel 2000;
Nollett, Busso, & Wasserburg 2003; Eggleton, Dearborn,
& Lattanzio 2008) and onvetive overshooting (Herwig,
2000).
The CEMP-formation senario also requires knowledge
of the physis of stellar interation in binary systems. The
primary star must transfer material to the seondary star
whih in turn might dilute and burn it. A wind mass-
transfer senario in wide binaries, e.g. by a mehanism
similar to that of Bondi & Hoyle (1944), likely plays a
role in CEMP formation. Closer binaries whih undergo
Rohe-lobe overow (RLOF) from a TPAGB star on to
a less massive main-sequene star are expeted to enter
a ommon-envelope phase. Suh stars would undergo few
thermal pulses with little aretion on to the seondary
(although see Riker & Taam, 2008 for details of aretion
in a ommon envelope and assoiated unertainties).
The fate of the areted material is also unertain.
The moleular weight of areted material is ertainly
greater than that of the seondary star, as arbon-enhaned
TPAGB stars should also be helium rih. Areted material
should thus sink by the thermohaline instability (Stanlie
et al., 2007) but this may be inhibited by gravitational set-
tling (Stanlie & Glebbeek, 2008; Thompson et al., 2008).
Furthermore, radiative levitation of some hemial speies
may be important (Rihard et al., 2002a,b). When the se-
ondary asends the rst giant branh, its onvetion zone
mixes any areted material whih may remain in the sur-
fae layers with material from deep inside the star. The
surfae abundane distribution depends on whether mate-
rial has mixed deep into the star or not, beause if it has
it may have undergone some nulear burning, the ashes of
whih are mixed to the surfae.
Two studies have onsidered population models in an at-
tempt to reprodue the observed CEMP fration of about
20%. The models of Luatello et al. (2005a) and Komiya
et al. (2007) both onluded that in order to make enough
CEMP stars the initial mass funtion (IMF) at low metal-
liity must be signiantly dierent to that observed in the
solar neighbourhood. In partiular, they enhaned the num-
ber of intermediate-mass stars relative to low-mass stars 
this has the eet of inreasing the number of ∼ 2M⊙ stars
whih are responsible for the prodution of most of the ar-
bon.
The Komiya et al. (2007) model dierentiates between
two metalliity regimes. In their model, stars with masses
greater than 1.5M⊙ undergo third dredge up irrespetive of
metalliity. For stars with [Fe/H] ≤ −2.5 and mass less than
1.5M⊙ they invoke proton ingestion at the helium ash
(the dual ore ash) or at the rst thermal pulse (the dual
shell ash) as the soure of arbon. This implies that the
CEMP fration should be smaller for [Fe/H] > −2.5, but
the Stellar Abundanes for Galati Arheology (SAGA)
database (Suda et al., 2008) shows that the CEMP fration
is approximately onstant as a funtion of metalliity up to
[Fe/H] ≈ −2.
A related problem is that of the nitrogen-enhaned
metal-poor (NEMP) stars whih have [N/Fe] > 0.5 and
[C/N] < −0.5 as dened by Johnson et al. (2007). Suh
stars are expeted to result from mass transfer in bina-
ries with TPAGB primaries more massive than about 3M⊙
in whih hot bottom burning has onverted most of the
dredged-up arbon into nitrogen. The observed NEMP to
EMP ratio is small, less than one in twenty-one aording
to Johnson et al. (2007) or less than 7% in the metalliity
range [Fe/H] = −2.3± 0.5 aording to the SAGA database
(see Table 2). The Komiya et al. (2007) models, with an en-
haned number of intermediate-mass relative to low-mass
stars, should make many more NEMP stars than are ob-
served.
The aim of this paper is to investigate whih physi-
al senarios are able to reprodue the CEMP and NEMP
to EMP ratios, at metalliity [Fe/H] ∼ −2.3, without al-
tering the initial mass funtion. We ombine a syntheti
nuleosynthesis model with a binary population synthesis
ode to simulate populations of low-metalliity binaries (see
Setion 2). The power of the population synthesis approah
is that it an eiently explore the available parameter
spae. Muh of the input physis is unertain (as we have
desribed above) but population synthesis allows us to ex-
plore the onsequenes of these unertainties by varying the
model free parameters within reasonable bounds. We try to
reprodue the observed CEMP and NEMP to EMP ratios,
surfae hemistry distributions, binary period distributions
and hemial abundane orrelations. It is thus a powerful
tool to apply to this problem.
In order to ompare our models to observations we
hoose a subset of the SAGA database whih orresponds
to giants and turn-o stars as desribed in Setion 3. The
results of our simulations and omparison with the sam-
ple of observations are given in Setion 4. The impliations
of our results and outstanding problems are disussed in
Setion 5 while Setion 6 onludes.
2. Models
In this setion we desribe our binary population synthesis
model (Setions 2.1-2.3), initial distributions (Setion 2.4),
the hoies of parameters for the various model sets
(Setion 2.5) and our riteria for seleting CEMP and
NEMP stars (Setion 2.6).
2.1. Input physis
Our binary population synthesis model is based on the syn-
theti nuleosynthesis models of Izzard et al. (2004) and
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Izzard et al. (2006). Binary stellar evolution is followed a-
ording to the rapid binary stellar evolution (BSE) presrip-
tion of Hurley et al. (2002) in whih detailed stellar evolu-
tion model results are approximated by tting funtions.
Coupled with a binary evolution algorithm whih inludes
mass transfer due to both RLOF and winds, tidal iru-
larisation and ommon envelope evolution, this approah
allows the simulation of millions of binary stars in less than
a day on a modern omputer.
Stellar evolution is augmented by a nuleosynthesis al-
gorithm whih follows the evolution of stars through the
rst, seond and third dredge ups, altering surfae abun-
danes as neessary. This is mostly based on the Karakas
et al. (2002) and Karakas & Lattanzio (2007, hereafter K02
and K07 respetively) detailed models.
We inlude a presription for hot-bottom burning
(HBB) in suiently massive AGB stars, M & 2.75M⊙
at Z = 10−4. The mass at whih HBB swithes on may
be greater than our models suggest, e.g. > 5M⊙ in Weiss
& Ferguson (2009, see their table B.4 for Z = 0.0005),
3 − 4M⊙ Lau et al. (2009) or 3M⊙ in the latest mod-
els by Karakas (2009, MNRAS submitted). These models
use dierent input physis and/or nulear reation rates
to the K02/K07 models on whih our syntheti model is
based. The impat of suh hanges on the number of CEMP
stars is disussed in Setion 4.1.1. Proton-apture reation-
rate unertainties aet mainly hot-bottom burning stars,
i.e. NEMP progenitors, rather than CEMP stars (see e.g.
Izzard et al., 2007 for a disussion of the eet of proton-
apture reation rate unertainties whih aet Ne-Al in
massive AGB stars).
We model binary mass transfer by both stellar winds
aording to the Bondi-Hoyle presription (Bondi & Hoyle,
1944) and Rohe-lobe overow. Common-envelope evolu-
tion follows the presription of Hurley et al. (2002).We have
updated some of the physial presriptions in our model
whih are relevant to CEMP star formation. We desribe
below the most important hanges to our binary ode sine
Izzard et al. (2006).
Our binary population synthesis model has been applied
to a number of problems inluding the higher-metalliity
equivalents of CEMP stars, the barium stars (Pols et al.,
2003) and CH stars (Izzard & Tout, 2004). Our model ap-
proximately mathes the observed Ba star to G/K giant
ratio of ∼ 1% (Luk & Bond, 1991). An extended version
of our model was used by Bona£i¢ Marinovi¢ et al. (2008)
to suessfully model the eentriities of the barium stars.
2.1.1. Metalliity
The Hurley et al. (2002) tting formulae are limited to
metalliities above and inluding Z = 10−4 and hene our
stellar evolution model is not valid below this metalliity.
Similarly, the K02/07 models extend down to Z = 10−4
or, equivalently, [Fe/H] = −2.3. As a onsequene we om-
pare our models only to observations with [Fe/H] ∼ −2.3
(Setion 3). We annot ompare our models to stars of sig-
niantly lower metalliity beause our model laks algo-
rithms to desribe phenomena suh as proton ingestion at
the rst thermal pulse (see Setion 2.1.6).
2.1.2. First dredge up
Abundane hanges at rst dredge up are interpolated from
a grid of detailed stellar evolution models made with the
stars ode. The stars ode was originally written by
Eggleton (1971) and has been updated by many authors
e.g. Pols et al. (1995) and Stanlie & Eldridge (2009).
The version used here employs the nuleosynthesis routines
of Stanlie et al. (2005), whih follow forty isotopes from
D to 32S and important iron group elements. Model se-
quenes are evolved from the pre-main sequene to the tip
of the red giant branh using 499 mesh points. Convetive
overshooting is employed via the presription of Shröder
et al. (1997) with an overshooting parameter of δov = 0.12.
Thermohaline mixing on the RGB is inluded via the pre-
sription of Kippenhahn et al. (1980). The diusion oe-
ient is multiplied by a fator of 100, following the work of
Charbonnel & Zahn (2007).
In single stars at low metalliity rst dredge up has a
small eet on surfae abundanes. However, in seondary
stars whih have been polluted by a ompanion rst dredge
up may either dilute areted material whih is sitting on
the stellar surfae or mix material from inside the star
whih has been been burned, depending on the eieny of
thermohaline mixing of the areted material (Setion 2.1.4;
see also Stanlie et al., 2007; Charbonnel & Zahn, 2007).
We take suh proesses into aount. A detailed desription
of our algorithm is given in Appendix A.1.
2.1.3. Third dredge up
Third dredge up is the primary mehanism by whih ar-
bon made by helium burning is brought to the stellar sur-
fae in AGB stars. As stars evolve up the TPAGB their
ore massMc inreases and every τIP years a thermal pulse
ours. One Mc exeeds a threshold mass Mc,min third
dredge up ours with eieny λ, the ratio of the mass
dredged up to the ore growth during the previous inter-
pulse phase. The values of λ and Mc,min are tted as a
funtion of mass and metalliity to the detailed models of
K02/K07. Without modiation of this presription single
stars with initial mass greater than 1.25M⊙ beome arbon
stars at a metalliity of Z = 10−4.
The orretion fators ∆Mc,min and λmin were intro-
dued by Izzard et al. (2004) to enhane dredge up in low-
mass stars relative to the detailed models
2
. They found
that dredge up should our earlier on the TPAGB and
with greater eieny than predited by the K02 mod-
els. With the parameter hoies ∆Mc,min ∼ −0.07M⊙
and λmin ≈ 0.8 − 37.5Z the arbon-star luminosity fun-
tions in the Magellani louds are approximately tted
by the model. However, these parameters are poorly on-
strained, espeially at metalliities less than that of the
Small Magellani Cloud, so ∆Mc,min and λmin should be
onsidered free parameters at Z = 10−4.
We introdue a parameter, Menv,min, the minimum en-
velope mass for third dredge up. This is 0.5M⊙ by default,
following solar-metalliity models (Straniero et al., 1997),
2
These parameters modify the ts to the detailed models suh
that Mc,min → Mc,min + ∆Mc,min and λ → max(λ, λmin). A
negative ∆Mc,min allows dredge up in lower initial-mass stars
and a positive λmin inreases the amount of material dredged
up one dredge up begins.
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but we treat it as a free parameter. Reent detailed mod-
els alulated with the stars ode (Stanlie & Glebbeek,
2008) nd third dredge up in an initially 0.9M⊙, Z = 10
−4
model whih, when it reahes the AGB, has an envelope
mass of only 0.31M⊙. Also, Stanlie & Jeery (2007) nd
third dredge up ontinues to our even when the envelope
mass drops below 0.5M⊙. In the latest models of Karakas
(2009) dredge up is also found for small envelope mass
(down to 0.1M⊙) at Z = 10
−4
. We use this as justia-
tion of our deision to redue Menv,min below 0.5M⊙ but
note that the value of Menv,min is not aurately known.
A hoie of ∆Mc,min = −0.07, λmin = 0.5 and
Menv,min = 0 leads to dredge up in all stars whih reah
the TPAGB in the age of the galaxy, i.e. a minimum initial
mass for third dredge up of ∼ 0.8M⊙.
In low-metalliity TPAGB stars dredge up of the
hydrogen-burning shell is an important soure of
13C and
14N. We inlude an approximate presription whih well ts
the K02/07 models (see Appendix A.2).
2.1.4. Thermohaline mixing
Most of our model sets assume thermohaline mixing of
areted material aording to the presription of Izzard
et al. (2006) in whih areted material sinks and mixes in-
stantaneously with the stellar envelope. The alulations of
Stanlie et al. (2007) suggest this is reasonable in some
ases. However, gravitational settling prior to aretion
may prevent thermohaline mixing (Thompson et al., 2008;
Bisterzo et al., 2008). In order to aount for both possibil-
ities, either eient and instantaneous or highly ineient
thermohaline mixing, we have also run models in whih the
areted material remains on the stellar surfae (regard-
less of its moleular weight) until mixed in by onvetion.
Reent alulations show that the situation is somewhat
more ompliated than either of the extremes we test here
(Stanlie & Glebbeek, 2008).
2.1.5. Parameter hoies
Our binary nuleosynthesis model has many free parame-
ters, some of whih have been onstrained by previous stud-
ies, some whih have not. We list here the most important
parameters and our default hoies.
 Abundanes are solar-saled with a mixture aording
to Anders & Grevesse (1989). We do not inlude an α-
element enhanement. Most of our models have a metal-
liity of Z = 10−4 (equivalent to [Fe/H] = −2.3).
 Wind mass-loss rates are parameterised aording to the
Reimers formula with η = 0.5 on the rst giant branh
and Vassiliadis & Wood (1993) on the AGB (as in K02).
We modulate the AGB mass-loss rate with a fator fVW
whih is one by default. We apply a orretion ∆PVW,
zero by default, to the Mira period relation used in the
Vassiliadis & Wood presription to simulate a delayed
superwind on the AGB. We also onsider both Reimers
and Van Loon mass-loss rates on the AGB (Reimers,
1975; van Loon et al., 2005). Appendix B desribes the
mass-loss formulae in detail.
 The Bondi-Hoyle aretion eieny fator αBH = 3/2.
We also onsider αBH = 5, however unphysial this may
be, to simulate enhaned stellar-wind mass transfer.
 Third dredge up parameters ∆Mc,min = 0M⊙, λmin =
0 and Menv,min = 0.5M⊙ whih orrespond to the
detailed TPAGB models of K02/07. Enhaned third
dredge up is simulated in some model sets by hoosing
a negative ∆Mc,min, positive λmin and zero Menv,min.
 Common envelope eieny α = 1 aording to the pre-
sription of Hurley et al. (2002). The ommon-envelope
struture parameter λCE is tted to the detailed mod-
els of Dewi & Tauris (2000). We do not inlude are-
tion on to the seondary star during the ommon en-
velope phase by default but allow up to 0.05M⊙ to be
areted in some model sets. We also onsider the al-
ternative ommon-envelope presription of Nelemans &
Tout (2005).
 The
13C poket eieny ξ13 is set to 1 by default as
dened by Eq. A.10 of Izzard et al. (2006).
 The eieny of the Companion Reinfored Attrition
Proess (CRAP, Tout & Eggleton, 1988) B is set to
zero by default.
2.1.6. Missing physis
Our syntheti models do not inlude any extra mixing
whih may be responsible for the onversion of
12C to
13C and 14N in low-mass stars (see e.g. Nollett, Busso, &
Wasserburg, 2003; Busso et al., 2007; Eggleton, Dearborn,
& Lattanzio 2008 and referenes therein). Also, we do not
inlude any presription whih desribes mixing events in-
dued by proton ingestion at the helium ash (the dual ore
ash) or during thermal pulses (the dual shell ashes, both
of whih are also known as helium-ash-driven deep mix-
ing; Fujimoto et al., 1990; Weiss et al., 2004; Cristallo et al.,
2007; Campbell & Lattanzio, 2008). Current stellar models
suggest these events our only if [Fe/H] . −3 while our
models have [Fe/H] = −2.3 and our observational sample
inludes stars with [Fe/H] = −2.3±0.5. The latest results of
the Teramo group show that at the lowest masses, around
0.8M⊙ for [Fe/H] = −2.3 (with Z⊙ ∼ 0.01), a dual shell
ash may our at the beginning of the TPAGB with sig-
niant C, N and s-proess prodution (Cristallo, private
ommuniation)  we leave the analysis of suh a ase to
future work.
2.2. An example CEMP system
We preempt the results of Setion 4 with an example of our
syntheti stellar evolution algorithm for a CEMP system as
shown in Fig. 1. Initially it hasM1 = 2M⊙,M2 = 0.75M⊙,
P = 3700 days (a = 1400R⊙), Z = 10
−4
, e = 0 and oth-
erwise has the default physis as desribed above. The pri-
mary mass is hosen to illustrate the ase of maximum ar-
bon aretion. After 880Myr the primary evolves onto the
TPAGB. Third dredge up inreases its surfae arbon abun-
dane to [C/Fe] = +3.2 (Fig. 1b). Of its wind 0.11M⊙ is
areted by and mixed into the main-sequene seondary
suh that its mass inreases to 0.86M⊙ (Fig. 1a), it has a
arbon abundane [C/Fe] = +2.3 and nitrogen abundane
[N/Fe] = +0.35 (Fig. 1b). The binary orbit expands to
a period of 5500 days (Fig. 1a). At this moment the se-
ondary beomes a CEMP star, although in our population
synthesis we do not ount it as suh until it has evolved to
log g < 4 (see Setion 2.6), whih ours after 10.59Gyr.
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Fig. 1. An example CEMP system with our default parameter hoies as in model set A. Initially M1 = 2M⊙, M2 = 0.75M⊙ and
P = 3700 days. Panels a and b show the evolution of the primary up the AGB and aretion onto the seondary. Panels  and d
show the evolution of the seondary through the CEMP phase. In panels a and  the left ordinate denotes the mass of the stars in
M⊙ (solid and dashed lines for the primary and seondary respetively), the right ordinate gives the orbital period in days (dotted
lines). In panel b the left ordinate shows [C/Fe] while in panel d the left axis shows [N/Fe]. In all panels the absissa shows the
age of the system. Labels in itali show the evolution phases, labels in Roman type show the dredge up, mixing and aretion
phases, and arrows in panels  and d indiate when the star is tagged as a CEMP star aording to our seletion riteria (older
than 10Gyr, log g < 4 and [C/Fe] > 1, see Setion 2.6).
Subsequently the seondary also asends the giant
branh twie (Fig. 1 and d). During the rst asent, dredge
up redues the surfae abundane of arbon only slightly
but inreases [N/Fe] to +1.2 when burnt material is mixed
to the surfae. The orbit expands when the seondary loses
0.15M⊙ through its stellar wind at the tip of the giant
branh (Fig. 1). At 11.3Gyr it too asends the AGB with
a mass of 0.7M⊙ and eases to be a CEMP star when its
envelope is lost in a wind and it beomes a white dwarf.
The system is then a pair of arbon-oxygen white dwarfs
with a period of about 20 years.
Further examples of our stellar evolution and nuleosyn-
thesis algorithms and omparisons to detailed stellar evo-
lution models are given in Izzard et al. (2004, 2006).
2.3. Population synthesis
Eah of our population synthesis simulations onsists of N3
stars in lnM1-lnM2-lna parameter spae, where M1,2 are
the initial masses of the primary and seondary, a is the
initial separation and N = 128. We then ount the number
of stars of a partiular type aording to the sum
ntype= S
M1,max∑
M1,min
M2,max∑
M2,min
amax∑
amin
tmax∑
tmin
δ(type)Ψ δM1 δM2 δa δt , (1)
where S is the star formation rate, Ψ is the initial dis-
tribution funtion and δ(type) = 1 when a star is of the
required type and zero otherwise. The grid ell size is given
by δM1 ·δM2 ·δa while the timestep is δt. We further assume
that Ψ is separable,
Ψ = ψ(M1)φ(M2)χ(a) , (2)
where the funtions ψ(M1), φ(M2) and χ(a) are the initial
distributions ofM1,M2 and a respetively (see Setion 2.4).
The star formation rate S is a funtion of time or, given an
age-metalliity relation, metalliity. Beause we alulate
ratios of numbers of stars with the same metalliity, i.e.
the same age and same S, the star formation rate simply
anels out.
We set the limits of our population synthesis grid as
follows:
 M1,min = 0.7M⊙  stars less massive than this do not
evolve o the main sequene within the lifetime of the
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Universe. M1,max = 8M⊙  we do not onsider massive
stars whih end their lives as supernovae.
 M2,min = 0.1M⊙  There is no simple limit on M2,min
as a seondary star may arete an arbitrary fration
of the mass lost from its ompanion. However, with
the Bondi-Hoyle aretion formalism the areted mass
is typially less than 0.2M⊙, so we ath all possible
CEMP stars (whih must have masses around 0.8M⊙).
M2,max = 0.9M⊙  stars more massive than this have
already evolved to white dwarfs after ∼ 10Gyr and so
annot be CEMP stars.
 amin = 3R⊙, typially amax = 10
5R⊙. The upper limit
is hosen to inlude all CEMP stars made in our models.
Our assumption is that all stars are made in this range
of separations, i.e. a binary fration of 100%. In reality
some systems are wider and/or single. This an easily
be aommodated by lowering the binary fration.
 tmin = 10Gyr  Our stars must be old halo stars, so
a 10Gyr limit is reasonable. Our results are not sensi-
tive to hanges of ±2Gyr in this limit. The age of the
Universe gives the upper limit tmax = 13.7Gyr.
Seletion riteria for δ(type) are given in Setion 2.6.
2.4. Stellar distributions
The hoie of distributions of initial primary mass M1, ini-
tial seondary mass M2 (or, alternatively, q = M2/M1)
and initial separation a (or initial period P ) aets the -
nal number ounts and distribution of CEMP parameters.
Unfortunately, in the Galati halo all the relevant initial
distributions are unknown. We are fored to assume solar
neighbourhood distributions:
 The primary mass distribution ψ(M1) is the initial mass
funtion of Kroupa, Tout, & Gilmore (1993, KTG93).
 The seondary mass distribution φ(M2) is at in q =
M2/M1, i.e. any mass ratio is equally likely.
 The separation distribution χ(a) is at in ln a between
amin and amax (i.e. χ(a) ∼ 1/a).
 We start all binaries in irular orbits, i.e. eentriity
e = 0, and assume a binary fration of 100%.
2.5. Model sets
As desribed in Setion 2.1.5, many physial parameters as-
soiated with binary evolution are unertain. Table 1 lists
the most important parameter sets we onsider and how
they dier from our default model set (set A, with param-
eter values dened in Setion 2.1.5, see also Table D.1 for a
list of all the model sets onsidered, inluding those not dis-
ussed in detail). In some model sets, e.g. Ap5 and Ap7, we
altered the CEMP seletion riteria rather than the physial
parameters. All our model sets use the initial distributions
outlined in Setion 2.4 (exept model set Ae5 with initial
eentriity e = 0.5).
2.6. Model seletion riteria
Stars are seleted from our model population as metal poor
(EMP) giants if their surfae gravity log10 g ≤ 4 and they
are older than 10Gyr orresponding to the approximate age
of the Galati halo. We then dene the following subtypes:
Model set Physial parameters
(dierenes from model set A)
A -
Ap5, Ap7 [C/Fe]
min
= 0.5 and 0.7 respetively
A1, A2 ξ13 = 0.1 and 0.01 respetively
B Bondi-Hoyle eieny αBH = 5
C ommon envelope aretion 0.05M⊙
D no thermohaline mixing
E ∆Mc,min = −0.07M⊙, λmin = 0.8
F Menv,min = 0M⊙
G ∆Mc,min = −0.1M⊙, λmin = 0.8,
Menv,min = 0M⊙, ξ13 = 0.1
H as model G, with:
ommon envelope aretion 0.05M⊙
no thermohaline mixing
Table 1. Physial parameters orresponding to the most im-
portant of our binary population models. A full list of all our
model sets an be found in Table D.1.
CEMP Surfae arbon abundane [C/Fe] ≥ [C/Fe]min,
where [C/Fe]min = 1.0 by default. If in addition
[Ba/Fe] ≥ 0.5 the star is lassied as CEMP-s.
NEMP [N/Fe] ≥ 1.0 and [C/N] < −0.5. The former is
somewhat more restritive than the riterion [N/Fe] >
0.5 applied by Johnson et al. (2007) and more onsis-
tent with the CEMP riterion. We nd that with the
Johnson et al. (2007) riterion normal giants that have
undergone strong CN yling, presumably due to extra
mixing on the giant branh whih is not inluded in our
models, enter our observational seletion (see Setion 3).
Therefore we dene the NEMP lass to ontain only
stars aeted by third dredge-up and HBB and subse-
quent mass transfer, i.e. the nitrogen-rih equivalents of
CEMP stars.
FEMP Surfae uorine abundane [F/Fe] ≥ 1.0 (Lugaro
et al., 2008).
These three subtypes are not mutually exlusive. It turns
out that in our models the FEMP and CEMP sub-
types nearly oinide (see Setion 4.1.3). The CEMP and
NEMP lasses also partially overlap, these are designated
as CNEMP.
3. Observational database and seletion riteria
Our database of observed EMP stars is based on 2376 ob-
servations of 1300 stars in the SAGA database
3
(Suda et al.,
2008). When observed values of a parameter are available
from multiple soures for one star, we simply use the arith-
meti mean of these values in our database (see Appendix E
for details). We ignore observations whih provide only an
upper or lower limit. We selet stars whih orrespond to
our model EMP giants and turn-o stars as follows:
1. The observed star must have metalliity in the range
[Fe/H] = −2.3 ± 0.5 dex. Fig. 2a shows that the num-
ber distribution of stars in this range varies by a fator
of two with no lear trend in number as a funtion of
[Fe/H].
2. The star must be a giant or sub-giant, i.e. log g ≤ 4.0.
Fig. 2b shows the distribution of the number of stars as
a funtion of log g.
3
With the addition of log g values from Luatello et al. (2006,
Beers, private ommuniation).
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Fig. 2. Seleted distributions from our sample of the SAGA database. All stars in our seletion have log g ≤ 4 and [Fe/H] =
−2.3 ± 0.5. panels a and b show the distributions of [Fe/H] (the metalliity distribution funtion) and log g respetively for the
sets of 1) all stars in our seletion and 2) those stars in our seletion with a arbon measurement. The horizontal error bars, and
hene the bin widths, are typial 1σ errors for a single observation, ±0.15 dex in [Fe/H] and ±0.25 dex in log g.
This seletion leaves us with 373 stars, of whih 308 have
a measured arbon abundane and 96 have [C/Fe] ≥ 1 
these are our CEMP stars
4
. The CEMP to EMP fration,
for stars with measured arbon, is thus 31%. Fig. 2a shows
that whether a star has measured arbon, or not, does not
depend on metalliity but is sensitive to log g. In partiular,
90% of stars with log g ≤ 3.5 have arbon measurements,
whereas about half of the highest-gravity stars (log g >
3.5) do not. Presumably this is beause of observational
diulties, these stars being relatively dim and hot.
If we assume that stars whih have no arbon measure-
ment atually have no arbon enhanement, i.e. [C/Fe] < 1,
the CEMP/EMP ratio drops to 26%. The latter statisti is
best for omparison with our models, but it rests on a possi-
bly dubious assumption: are stars with no arbon measure-
ment really not enhaned in arbon? Certainly the CEMP
fration depends on how it is ounted, as shown in Table 2.
The CEMP fration also varies depending on the survey un-
der onsideration: Frebel et al. (2006), Cohen et al. (2005)
and Luatello et al. (2006) nd 9, 14 and 21% respetively.
Appliation of the NEMP riteria
5
, [N/Fe] ≥ 1 and
[C/N] < −0.5, leaves us with zero NEMP stars in the
[Fe/H] range onsidered. This is to some extent a statis-
tial uke, beause NEMP stars are found both at higher
(in the ase of HE0400-2040) and espeially at lower metal-
liity. However, even when ounting all stars regardless of
[Fe/H] the number of NEMP stars is small ompared to
the total number of EMP or CEMP stars (see Table 2).
Use of the less restritive [N/Fe] ≥ 0.5 riterion would in-
trodue seven NEMP stars into the sample, but these are
mostly arbon-depleted giants that have presumably un-
dergone strong CN-yling during their RGB evolution, as
disussed in Setion 2.6.
Our seleted sample may be biased, as shown in Fig.
3b. The CEMP/EMP ratio inreases slightly as log g de-
reases but a onstant value is onsistent with the error
bars. The CEMP fration may inrease slightly with metal-
4
When [C/Fe] is not available but [CH/Fe] is, we use [CH/Fe]
as a proxy for [C/Fe].
5
We use [CN/Fe] or [NH/Fe] as proxies for [N/Fe] when
[N/Fe] is not available in the SAGA database.
liity (Fig. 3a) at least over the narrow range we onsider
([Fe/H] = −2.3±0.5). If dual-ore and/or dual-shell ashes
our exlusively for [Fe/H] . −2.5 and are responsible for
the formation of most CEMP stars we expet the CEMP
fration to drop as [Fe/H] inreases beyond −2.5. This is
not seen. We note that the SAGA database was not de-
signed to be omplete in any statistial sense. We await a
more omplete ensus of metal-poor stars before denite
onlusions on the CEMP fration and its dependene on
metalliity and evolutionary stage, an be drawn.
4. Results and omparison with observations
The ratios of the number of CEMP and NEMP stars to
EMP stars as seleted from our model sets of Table 1 are
shown in Table 3. Our results fall into two ategories:
1. Most of our model sets have a CEMP to EMP ratio of
2 − 4%. This is not muh larger than the 1% of more
metal-rih giants whih are CH stars. We desribe below
one of these, our default model set (model set A), in
detail.
2. A few sets ome lose to reproduing the observed
CEMP to EMP ratio. These are the sets with some om-
bination of the following: (enhaned) third dredge up in
low-mass stars, no thermohaline mixing and aretion
in the ommon envelope phase. They represent a orner
of the parameter spae whih may be onsidered rather
extreme, though not unfeasible. We desribe sets G and
H in detail below.
4.1. Model set A: Default physis
Our default model set  set A  represents a hoie of phys-
ial parameters whih ould be desribed as onservative.
The parameters are not ontroversial or extreme. As suh
they are a good starting point for our analysis of the CEMP
problem.
First of all, the CEMP to EMP ratio in our default
model set is 2.3%. This is learly at odds with the observed
9− 25% ratio, espeially if one fators in a binary fration
smaller than unity. However, the number of NEMP stars
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Metalliity log g EMP CEMP CNEMP NEMP CEMP/EMP Additional Seletion Criteria
[Fe/H] [N/Fe] > 1 [N/Fe] > 0.5 fration
−2.3± 0.5 ≤ 4 308 96 31% only stars with C measured
−2.3± 0.5 ≤ 4 373 96 26% all EMP stars
−2.3± 0.5 ≤ 4 104 88 0 0 7 only stars with C and N measured
−2.3± 0.5 ≤ 4 373 96 0 0 7 26%

CandNmeasured for (C)NEMPs,
Cmeasured forCEMPs,
all ≤ 4 779 144 4 14 22 18% ”
−2.3± 0.5 all 479 115 0 0 7 24% ”
all all 1366 177 6 17 23 13% ”
≤ 2.0 giants 132 11 9± 2% Frebel et al. (2006)
≤ 2.0 270 58 > 21± 2% Luatello et al. (2006)
≤ 2.0 giants 14± 4% Cohen et al. (2005)
Table 2. Observed numbers of EMP, CEMP, CNEMP and NEMP stars from the SAGA database for our various seletion riteria.
The rst line of data ounts only stars whih have a [C/Fe] measurement. The seond line of data additionally ounts stars without
measured [C/Fe] as EMPs, i.e. it is assumed that [C/Fe] < 1 for these stars. In the next four lines stars with both measured C
and N are used to ount (C)NEMP stars while stars with C measured ount the CEMP stars.
Also shown are estimates of the CEMP/EMP ratio from Cohen et al. (2005), Frebel et al. (2006) and Luatello et al. (2006).
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Fig. 3. The CEMP/EMP ratio for our seletion from the SAGA database ([Fe/H] = −2.3± 0.5 and log g < 4) as
a) a funtion of metalliity [Fe/H] and
b) a funtion of gravity log g.
Error bars are based on Poisson (
√
N) statistis and bin widths are as in Fig. 2.
Model Set CEMP/EMP % NEMP/EMP % FEMP/EMP % CEMP-s/CEMP %
A 2.30 ± 0.04 0.267 ± 0.007 2.03 28.3
Ap7 2.99 ± 0.04 0.267 ± 0.005 2.03 21.8
Ap5 3.46 ± 0.04 0.267 ± 0.005 2.03 18.8
A1 2.30 ± 0.04 0.267 ± 0.007 2.03 86.3
A2 2.30 ± 0.04 0.267 ± 0.007 2.03 94.1
B 3.05 ± 0.04 0.323 ± 0.006 2.74 47.2
C 2.94 ± 0.04 0.311 ± 0.007 2.36 29.1
D 4.21 ± 0.04 0.409 ± 0.004 3.74 63.1
E 2.90 ± 0.04 0.267 ± 0.007 2.43 43.5
F 6.47 ± 0.03 0.267 ± 0.006 5.16 22.3
G 9.43 ± 0.04 0.266 ± 0.006 7.81 94.1
H 15.52 ± 0.07 0.426 ± 0.004 13.5 97.2
Table 3. Perentage of CEMP, NEMP and FEMP (sub-)giants relative to total EMP giants in our model binary populations of
Table 1 (see Setion 2.6 for seletion riteria and Table D.2 for the full set of results). The errors onvey Poisson statistis only.
The nal olumn gives the number ratio of CEMP-s to CEMP stars.
in this simulation is small (0.3% of EMP stars), whih does
agree with the observations. In this setion we examine var-
ious properties of our default population with a view to
later setions whih improve the math between our mod-
elled CEMP to EMP ratio and the observations.
4.1.1. CEMP initial parameter spae
The regions of the initialM1−M2−a orP parameter spae
whih form CEMP stars are shown in Figure 4. The distri-
butions are time-weighted, as in Eq. 1. The vast majority
of our CEMP stars form via the wind-aretion hannel
with a typial M1 ∼ 1.2 − 1.5M⊙, M2 ∼ 0.8M⊙, sep-
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Fig. 4. Time-weighted distributions of initial masses, M1,M2, initial separation a and initial period P in binaries whih lead to the
formation of a CEMP star in our default model set A. In this model set almost all our CEMP stars are formed by aretion from
primaries with M & 1.25M⊙. The vertial sale, whih ounts the number of stars per bin, is linear and arbitrarily normalized to
peak at one.
aration around 103 − 104R⊙ or, equivalently, an orbital
period of 103 − 105 days. The initial mass M1 is limited
at the low end by the minimum mass for third dredge up
(∼ 1.2M⊙) and the distribution peters out at the high end
mainly as a result of the IMF. Stars with M1 & 2.7M⊙
undergo hot-bottom burning whih results in [C/N] < −1.
These also lassify as (C)NEMP stars. As mentioned in
Setion 2.1 some unertainty exists regarding the mass of
HBB onset whih may be greater than 2.7M⊙. Beause of
the rapid drop in the IMF with inreasing mass, as shown
in Figure 4a, the number of CEMP stars aeted by this
unertainty is small. An inrease in the HBB-onset mass
redues the number of NEMP stars.
The seondary mass,M2 ∼ 0.8M⊙, is the mass expeted
for a star that is approximately 10Gyr old. The shortest pe-
riod (or separation) binary whih forms a CEMP is limited
by the Rohe limit. Closer binaries pass through a ommon-
envelope stage with little aretion on the seondary. The
eieny of wind mass transfer drops as the initial separa-
tion inreases. Beyond about 104R⊙ the seondary aretes
too little arbon to beome a CEMP.
4.1.2. The distribution of log g and potential seletion eets
In Fig. 5 we ompare the distribution of log g in model set A
CEMP stars to our seletion from the SAGA database (see
Fig. 3b). It is hard to understand why the distributions dif-
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Fig. 5. The distribution of log g in CEMP stars taken from
our default stellar population model A (lled histogram) vs our
CEMP seletion from the SAGA database (open histogram with
Poisson error bars).
Note that in this and the similar plots that follow the area un-
der the graph (whih is the total number of stars) is normalized
suh that it is the same for both the observations and our model
stars.
fer without invoking seletion eets suh that low-gravity
CEMP giants are preferred (see Setion 3). We have made
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Fig. 6. The distribution of [C/Fe] in our default CEMP popu-
lation (model set A, lled histogram) ompared to observations
(open histogram with Poisson error bars).
no attempt to model suh seletion eets but we do not
expet this to strongly aet our model preditions. The
log g distribution of non-CEMP stars in model set A has
a nearly idential shape to the CEMP stars, so that the
CEMP/EMP ratio for our default population is indepen-
dent of log g and hene the overall CEMP fration pre-
sented in Table 3 is quite robust. We also nd that, at least
in our default model as well as other models that inlude
thermohaline mixing of areted material, there is little sur-
fae abundane evolution in our CEMP stars after aretion
(with the exeption of nitrogen, whih inreases somewhat
at rst dredge up) so that the abundane distributions we
present in the following subsetions are also hardly aeted
by this seletion bias.
Finally, we note that the peak in the model distribution
at log g ∼ 3.2 is due to horizontal branh stars, most of
whih have eetive temperatures lose to 10,000K in our
models. The SAGA database does not ontain horizontal
branh stars hotter than ∼ 7,000K probably beause hotter
stars are seleted against. If we selet only red horizontal
branh stars ooler than 7,000K a small peak at log g ∼ 2
remains. This may orrespond to the tentative peak seen
in the observed distribution.
4.1.3. Carbon, nitrogen and uorine
The distribution of arbon in the CEMP population of
model set A mathes reasonably well the observed distribu-
tion, as shown in Fig. 6. The observed distribution shows
somewhat higher arbon enhanements on average, while
our models predit more stars in the range 1 . [C/Fe] . 1.5
and none above [C/Fe] = 2.5, ompared to about ten ob-
served (11 per ent of the sample). This may be partly ex-
plained by our assumption of omplete thermohaline mix-
ing: we assume the entire star mixes, when in reality only
a fration mixes.
The piture beomes muh less favourable when we om-
pare the distribution of nitrogen, as shown in Figs. 7 and 8.
Our default population ontains few (C)NEMPs (above the
dashed line in Fig. 8; note that NEMPs with [C/Fe] < 1.0
are not shown in this gure), whih agrees with both our
observational sample and that of Johnson et al. (2007).
However, most observed CEMP stars are enhaned in nitro-
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Fig. 7. The distribution of [N/Fe] in our default CEMP popu-
lation A (lled histogram) ompared to observations (open his-
togram with Poisson error bars).
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Fig. 8. The distribution of [N/Fe] versus [C/Fe] in our default
CEMP population, model set A (darker grey indiates a larger
density of stars). The vertial dashed line indiates our CEMP
seletion riterion ([C/Fe] ≥ 1) and the diagonal dashed line
shows our NEMP seletion riteria ([N/Fe] ≥ 1 and [N/C] >
0.5). Observed CEMP stars are indiated by rosses.
gen by 1− 1.5 dex, whih in fat oinides with a dearth of
model CEMP stars. Our model inludes three mehanisms
for inreasing the nitrogen abundane: rst dredge up, hot-
bottom burning and third dredge up of the hydrogen burn-
ing shell. The latter is only a small eet and while rst
dredge up enhanes [N/Fe] by typially 0.5 dex, this annot
reprodue the 1 dex nitrogen enhanements seen in our ob-
servational sample. On the other hand, hot-bottom burning
onverts most of the dredged-up arbon into nitrogen and
thus results in muh larger nitrogen enhanements. If HBB
were more eetive than we assume it would only raise the
number of (C)NEMP stars, in ontradition with the obser-
vations. We must therefore assume that either some kind
of extra-mixing mehanism or a dual ore/shell ash is re-
sponsible. This is beyond the sope of our present model.
Another indiation of a missing ingredient in our models
omes from the arbon isotopi ratio. The
12C/13C ratio in
our models is always large (102−104), whereas the observed
ratio is generally less than the solar ratio (around 90), from
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Fig. 9. The distribution of [F/Fe] versus [C/Fe] in our model
set A. The horizontal dashed line indiates our FEMP seletion
riterion ([F/Fe] ≥ 1) and the vertial dashed line indiates
our CEMP seletion riterion ([C/Fe] ≥ 1). The position of the
uorine-rih CEMP star HE1305+0132 is also plotted.
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Fig. 10. Sodium distribution in our default model set A (lled
histogram) ompared to observations (open histogram with
Poisson error bars).
the equilibrium value of four up to about 50 (Ryan et al.,
2005). Again, this may result from extra mixing or a dual
shell/ore ash.
Fluorine was reently measured in the CEMP star HE
1305+0132 (Shuler et al., 2007) and the halo planetary
nebula BoBn 1 (Otsuka et al., 2008). Lugaro et al. (2008)
pointed out that uorine is made in the progenitors of
CEMP stars and therefore that most CEMP stars should
be FEMP stars (EMP stars with [F/Fe] ≥ 1). Fig. 9 on-
rms this for model set A. Our model struggles to reprodue
the [F/Fe] ratio of HE 1305+0132 although this star may
represent the tail of the uorine distribution. Future obser-
vations of uorine in CEMP stars should reveal this pop-
ulation. Also, the abundane may be overestimated (Abia
et al., 2009).
4.1.4. Sodium and other light elements
Sodium is enhaned at the surfae of TPAGB stars through
both third dredge up and hot-bottom burning. In our model
set A most stars dredge up little sodium, leading to the
peak at [Na/Fe] ∼ +0 in Fig. 10. A few of our stars,
with relatively massive AGB primaries, dredge up enough
sodium that the seondary reahes up to [Na/Fe] ∼ 1.5.
The most massive AGB primaries undergo HBB and give
rise to the small peak seen at [Na/Fe] ∼ 2− 2.5: these stars
are CNEMP stars. Our model at least mathes the range of
observed stars, although sodium-enrihed stars are greatly
underrepresented. Note that there is great unertainty in
the yield of sodium from massive AGB stars, and hene in
our model CNEMP sodium abundanes, beause of rea-
tion rate unertainties (Izzard et al., 2007).
Observations of CEMP stars show an overabundane of
oxygen and other α-elements typial of the halo, i.e. about
+0.4 dex. Our models inlude no expliit α-enhanement
but do show enhanements in oxygen and magnesium be-
ause of third dredge up (up to +0.5 dex and +0.6 dex re-
spetively). The few observations of oxygen in CEMP stars
range from 0 to +2dex while magnesium is enhaned by up
to +1.5 dex. It is lear that our models struggle to repro-
due these stars, espeially beause they are often giants
whih should be well mixed.
There have been several reent lithium abundane mea-
surements in CEMP stars (see e.g. Thompson et al., 2008
and Roederer et al., 2008). Modelling lithium nuleosyn-
thesis is too ompliated for our syntheti models. Detailed
disussions an be found in Roederer et al. (2008) and
Stanlie (2009).
4.1.5. The heavy elements
Model A yields a CEMP-s/CEMP ratio of only 28 per
ent, smaller than is observed: of the 47 CEMP stars in
our SAGA database seletion with both arbon and bar-
ium measured
6
44 have [Ba/Fe] ≥ 0.5 (94%), while Aoki
et al. (2007) report an s-rih fration of 80%. All our model
CEMP stars are enrihed in s-proess elements, but most
stars in this model have 0 < [Ba/Fe] < 0.5 and are thus
not lassied as CEMP-s. This is beause the assumed 13C
poket eieny ξ13 = 1 gives suh a high neutron expo-
sure that the s-proess distribution is pushed to the lead
peak (Gallino et al., 1998). A dereased ξ13 (model sets A1
and A2 ) gives larger barium abundanes and hene a larger
CEMP-s fration (see Table 3).
The need to derease the
13C eieny at low metalli-
ity, to ξ13 ∼ 0.1 for [Fe/H] < −1, was shown by Bona£i¢
Marinovi¢ et al. (2007) on the basis of [Pb/hs] ratios in lead
stars. A omparison between model set A and the observed
heavy element abundane distribution is shown in Fig. 11.
We nd a best math to the [Pb/Ba] ratio for model A1
with ξ13 = 0.1. Although it is unsatisfatory that both the
CEMP-s to CEMP ratio and the s-abundane ratio distri-
butions depend quite sensitively on a free parameter in the
model, we nd a reasonable math to all these onstraints
for a single value of ξ13.
4.1.6. Orbital periods
Comparison of observed CEMP orbital periods with our
models is diult for two reasons. First, the number of stars
6
We ould assume that stars without measured barium have
little barium, in whih ase the number of CEMP stars is 96 and
the s-rih fration is 44/96 = 46%.
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Fig. 11. Heavy elements in CEMP stars from model sets A, A1 and A2 with the
13C eieny parameter ξ13 = 1, 0.1 and 0.01
respetively. Our observational sample is shown by the lled histograms (with Poisson error bars) while the model sets A, A1 and
A2 are plotted with long-dashed, short-dashed and dot-dashed lines respetively. The distributions are all normalized to peak at
one. We hoose Y, Ba and Pb to represent the s-proess peaks.
Objet Period e Referene
CS22948-027 505d 0.3 Preston & Sneden (2001)
CS22948-027 426.5d 0.02 Barbuy et al. (2005)
HD5223 755.2d 0 MClure & Woodsworth (1990)
HD224959 1273d 0.179 MClure & Woodsworth (1990)
CS22956-028 1290d 0.22 Sneden et al. (2003)
CS22942-019 2800d 0.19 Preston & Sneden (2001)
LP 625-44 12y Aoki et al. (2000)
Table 4. Periods and eentriities of CEMP stars in binaries
from our seletion ([Fe/H] = −2.3± 0.5, log
10
g ≤ 4). Note that
two solutions are available for CS22948-027.
with known periods is small despite the fat that many
are binaries  from our seletion there are only six stars
with orbital solutions (see Table 4). Seond, long periods
are diult to measure. Any period longer than about ten
years, whih is approximately the time for whih surveys
have been ongoing, is likely to remain unmeasured for some
time to ome. With this in mind, Figure 12 shows the dis-
tribution of periods from model set A ompared to the six
observed stars.
The lower limit to the model period distribution is set
by systems that are just wide enough for the AGB pri-
mary to avoid lling its Rohe lobe when the star has
its maximum radius. The shortest-period CEMP binaries,
CS22948-027 and HD5223, are not ompatible with our
model set A. Their short periods and small eentriities (if
we adopt the Barbuy et al., 2005 result regarding CS22948-
027) suggest they underwent tidal irularisation, and per-
haps RLOF and ommon-envelope evolution. This does not
explain their arbon enhanement. The problem is remi-
nisent of the barium stars, whih have too large een-
triities and too short periods ompared to models (Pols
et al., 2003). Various explanations have been proposed to
deal with this problem whih build on the fat that AGB
stars have very extended, outowing atmospheres suh that
the anonial distintion between RLOF (when the stellar
surfae lls the Rohe lobe) and wind aretion (when it
does not) beomes blurred (e.g. see Frankowski & Jorissen,
2007, Bona£i¢ Marinovi¢ et al., 2008). Our understanding
of binary evolution in this transition region is still poor. An
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Fig. 12. Period distribution in our CEMP model sets A, G and
H (solid lines, dashes and dot-dashes respetively) vs CEMP
period measurements from our seletion of the SAGA database
(rosses).
alternative solution may be aretion during the ommon-
envelope phase (Riker & Taam, 2008), whih we explore
in model H (see Setion 4.2).
The remaining stars, HD224959, CS22956-028,
CS22942-019 and LP 625-44, all lie at the short-period
end of the range produed by our model set A, as is to be
expeted from the above-mentioned seletion eets.
4.2. Model sets G and H: best omparison to observations
The disussion of the previous setion suggests that to bet-
ter math our models with the observations we should on-
sider an inrease in the amount of third dredge up in low
mass stars and the eet of swithing o thermohaline mix-
ing. To this end we onsider model sets G and H.
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4.2.1. Model set G : extra third dredge up
Model sets E, F and G are the same as our default set (set
A) exept that third dredge up is inreased in eieny
in low mass stars. In model E we have set ∆Mc,min =
−0.07M⊙ and λmin = 0.8, whih is the set of values
found by Izzard et al. (2004) to be required to math the
arbon-star luminosity funtions of the Magellani Clouds.
This results in only a modest inrease of the number of
CEMP stars, see Table 3. A larger eet is obtained by
setting ∆Menv,min = 0.0 in model F, whih allows for
eient dredge-up in AGB stars of muh smaller initial
masses and inreases the CEMP/EMP ratio to 6.5 per
ent. Model G is a ombination of these parameter hoies
with ∆Mc,min = −0.1M⊙. With this parameter ombina-
tion all primary TPAGB stars down to initial masses of
0.8M⊙ undergo eient third dredge up. The IMF peaks
at low mass, so the number of stars aeted is large and
the CEMP/EMP ratio inreases to almost 10%  a fa-
tor of four inrease ompared to our default models. The
NEMP/EMP ratio remains small at 0.3%.
The distribution of [C/Fe] reahes up to +2.7 and is in
good agreement with the observations (see Fig. 13a). The
distributions of nitrogen (Fig. 13a) and sodium suer the
same problems as in the default model set. Although the
total amount of C+N (and hene the total amount of third
dredge up) as well as the observed trend of [N/Fe] vs [C/Fe]
roughly math the observations, there is learly a need for
some additional CN yling to onvert arbon into nitrogen.
Model set G has a redued
13C eieny, ξ13 = 0.1 as
in model A1. This yields a reasonably good t to the ob-
servations for the light-s elements strontium, yttrium and
zironium, but the stars most strongly enrihed in heavy-
s elements suh as barium (with [Ba/Fe] > +2.7) are not
well reprodued. Fig. 13b reveals that, rstly, our models
predit a strong orrelation between barium and arbon
(as well as between other s-proess elements) whih is not
seen. The spread in the observations is only partially ex-
plained by measurement errors. Seondly, the models trae
out roughly the lowest observed barium abundanes for any
value of [C/Fe]. More barium an be produed in our mod-
els by further reduing the
13C eieny, as disussed in
Setion 4.1.5, but only at the expense of lead. With the
adopted value of ξ13 the average observed barium to lead ra-
tio is well mathed, although the most lead-rih stars (with
[Pb/Fe] > +2.7) are not reprodued. The CEMP-s/CEMP
ratio for this model set is 94%, in agreement with observa-
tions.
Interestingly, some CEMP binaries are made in model
set G whih have periods of one to a few years, similar to
the observed short-period giant CEMP stars (see Fig. 12).
These arise from binaries with low-mass AGB primaries
whih have smaller maximum radii and an thus avoid ll-
ing their Rohe lobes in tighter orbits. Beause the initial
mass ratio is lose to unity and the primary may even be
less massive than the seondary due to mass loss prior to
the AGB, these binaries may also undergo stable RLOF
without a ommon envelope phase.
4.2.2. Model set H : extra third dredge up, no thermohaline
mixing, ommon envelope aretion
Model set H is similar to G, as desribed in the previous
setion, but is tuned to maximise the CEMP/EMP ratio.
Thermohaline mixing is turned o so that areted mate-
rial remains in the surfae onvetion zone. Before the star
asends the giant branh and its onvetion zone deepens,
its surfae omposition is therefore essentially the same as
that of the primary TPAGB star ejeta. Furthermore, dur-
ing the ommon envelope phase aretion of 0.05M⊙ of
material is allowed, so some stars that undergo RLOF an
beome CEMP stars. These hanges mean that CEMP stars
an form out to longer periods and more turn-o stars and
subgiants, with log g & 3.5, beome CEMP stars beause
there is no dilution until rst dredge up. While the individ-
ual eets of these hanges on the number of CEMP stars
are modest (see models C and D in Table 3), in ombina-
tion with extra third dredge-up they yield a CEMP/EMP
ratio of almost 16%.
The eet on our model abundane distributions is sig-
niant: the sub-giant and turn-o CEMP stars form a
group of stars with undiluted abundanes. In the ase of
[C/Fe] these are between +3 and +4dex (see Fig. 14a),
whih does not math the observations  only one star in
our observed seletion has [C/Fe] = +3 and none are more
enhaned than this. It may be argued that this exess ar-
bon is onverted to nitrogen by extra mixing proesses, but
then [N/Fe] should rise to approximately +3dex in some
stars, whih is not observed either. Our model [N/Fe] distri-
bution ranges up to +2dex, as do most of the observations,
but while in our model these orrespond to the most C-
enrihed, undiluted stars, the observed nitrogen-rih stars
have more modest arbon enhanements.
The undiluted turn-o stars in model H result in a
peak in the sodium distribution at around 0.8 dex, in better
agreement with the (broad) peak in the observations than
our models with thermohaline mixing. Similarly, a broad
distribution of oxygen abundanes is obtained, out to about
+1.7 dex, also in better agreement with the observations.
The heavy element distributions are reasonably well
mathed by this model, although the maximum abundanes
predited (for undiluted stars) are sometimes in exess of
what is observed. This is espeially true for the light-s ele-
ments, for whih this model set makes too many stars with
large enhanements (up to+2.5 dex for [Zr/Fe] and+2.2 dex
for [Y, Sr/Fe]) whih are not seen in the observations.
Lanthanum and barium are enrihed up to +3.2 dex in this
model whih is in agreement with observations, although
the most barium-rih objets have too muh arbon (see
Fig. 14b). The models over the full range of lead observa-
tions, up to ∼ 3.5 dex.
We must keep in mind that the undiluted stars in our
models, whih have the largest overabundanes for all the
elements disussed above, are also high-gravity stars against
whih there is an apparent observational bias (see Setions 3
and 4.1.2). They may therefore be overrepresented in our
model distributions ompared to the observational samples.
We also note that in our observational seletion, no orre-
lation of the abundane distributions against log g is ap-
parent for any of the elements disussed above. However,
Denissenkov & Pinsonneault (2008) and Aoki et al. (2008)
do nd evidene for signiantly higher average [C/Fe] val-
ues in turn-o CEMP stars ompared to bright giants.
This model set also inludes aretion of up to 0.05M⊙
of material during the ommon envelope phase. This allows
CEMP formation in the narrow range of initial separation
orresponding to primary TPAGB stars whih undergo a
few pulses before overowing their Rohe lobe, and leads
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Fig. 13. Model set G: a [N/Fe] vs [C/Fe] and b [Pb/Fe] vs [Ba/Fe]. Crosses show our observational sample. This model set is the
same as our default set (model set A) but with eient third dredge up in stars down to 0.8M⊙ and a redued
13C eieny.
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Fig. 14. As Fig. 13 for model set H.
to a peak in the orbital period distribution around one
year and a tail extending down to 100 days (see Fig. 12).
This is just the range whih inludes the stars desribed in
Setion 4.1.6 and may explain their origin.
4.3. Model set onlusions
It appears from the previous setions that our models strug-
gle to reprodue both the observed frequeny of CEMP
stars and the full range of their abundane patterns. Unless
we hoose a rather extreme ombination of model param-
eters our model CEMP/EMP ratio falls short of the range
of values dedued from observations and does not exeed
16% even in our most favourable model.
In order to ome lose to reproduing the observations,
we must assume that TPAGB stars with masses as low
as 0.8M⊙ experiene eient third dredge up. This yields
a good t of the distribution of arbon enhanements, but
still falls short of reproduing the largest observed s-proess
abundanes. If we swith o thermohaline mixing we nd,
on the other hand, that the s-proess elements are quite
well reprodued, but our model CEMP stars have too muh
arbon (and perhaps also lead). We note that both the s-
proess abundane ratios and the CEMP-s/CEMP ratio
depend on the
13C poket eieny. We an nd a reason-
able math to these onstraints by hoosing this eieny
to be about 0.1 times its default value.
The orbital periods of CEMP binaries in our observa-
tional sample agree well with the shortest period CEMP
stars in both these model sets, so it seems that  at least
for the few systems with measured periods  the binary
mass-transfer senario is ompatible with the observations.
5. Disussion
We have modelled the observed properties  log g, hemistry
and orbital period  of CEMP stars and have attempted
to math our models to observed stars. Our models are
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suessful in reproduing several key observed properties of
CEMP stars, but struggle to math the full range of the
observations, most notably the high CEMP fration, even
with rather extreme hoies of model parameters.
The rst ritiism that an be levelled at our work is
probably our hoie of stars from, and subsequent proess-
ing of, the SAGA observational database. We hose a group
of stars limited by metalliity, [Fe/H] = 2.3± 0.5, beause
our stellar models have Z = 10−4. As shown in Setion 3,
the statistis (number of stars, CEMP/EMP ratios et.) of
our seletion vary remarkably little as a funtion of [Fe/H]
so the seletion is justied in this respet. However, there
may be a seletion eet inherent in the SAGA database
beause papers are seleted for inlusion in it if they ontain
stars with [Fe/H] ≤ −2.5. Stars with higher metalliities, of
whih there are many in the database, are inluded beause
they just happen to be in those papers.
We should then onsider the seletion riterion log g ≤
4. While we selet identially in the models it is reasonable
to ask whih model onstraints are weakened by this hoie.
The answer is few: most stars in the SAGA database are
giants. This is also the result of a bias against faint, high-
gravity stars that is inherent in the SAGA database. We
have made no attempt to model suh a seletion bias in
any detail and our simple gravity riterion is not entirely
suessful in seleting against turn-o stars whih may be
aeted by the unertain strength of thermohaline mixing.
On the other hand, giants are well mixed as their surfae
onvetion zones deepen on the giant branh and so whether
we assume eient thermohaline mixing, or do not, is of
minor importane provided we look only at giants and avoid
elements whih may be proessed in the envelope (see e.g.
Stanlie & Glebbeek, 2008 and Stanlie, 2009).
The exeption to this rule lies with arbon and nitrogen.
The amount of nitrogen dredged up as the onvetion zone
deepens depends on whether areted arbon has mixed
deep enough to be burned by the CN yle. In the ase
of eient thermohaline mixing this is ertainly the ase,
although to some extent the dilution assoiated with suh
deep mixing redues the eet of rst dredge up. On the
other hand, if areted arbon sits at the stellar surfae it
does not burn to nitrogen. Almost all the nitrogen seen in
the CEMP star must then ome from the primary star, pos-
ing the questions of whether extra mixing, dual-shell ashes
and dual-ore ashes are important. Interesting progress is
being made regarding these questions (e.g. Stanlie et al.,
2009).
We have tried to push the physis of the anonial third
dredge up as far as possible, induing it in stars down to
0.8M⊙ with large eieny. Previous models suggest that
stars with envelope masses less than 0.5M⊙ do not undergo
third dredge up, although many of these models are for
higher metalliity than we are onsidering here.
Stanlie & Glebbeek (2008) have made a model of
a 0.9M⊙ star with Z = 10
−4
whih does undergo third
dredge up. The eieny is not high, λ = 0.16, but arbon
is dredged to the surfae. At the time that third dredge up
ours the star has an envelope mass of just 0.19M⊙ and
the dredge up is suient to inrease the surfae arbon
abundane dramatially, from just 6×10−6 up to 3.7×10−3
by mass fration.
If third dredge up is as eient as assumed in our mod-
els that provide the best math to observations we would
expet to see a population of (single) CEMP stars that are
urrently in the TPAGB phase with log g < 0.5. Masseron
et al. (2006) have suggested that CS 30322-023 is just suh
a star. They onstrut a 0.8M⊙, [Fe/H] = −3.3 detailed
model sequene with the starevol ode (Siess, 2006) for
omparison with observations of CS 30322-023. They nd
no third dredge up, whih is not surprising given that mod-
els onstruted with starevol do not show third dredge up
unless some kind of neutral-onvetive-boundarymethod or
overshooting is invoked. However the authors make lear
our lak of quantitative understanding of mixing proesses
in these stars. Other mehanisms suh as dual shell and/or
ore ashes, proton ingestion and so-alled anonial ex-
tra mixing may, to some extent, mimi the nuleosyntheti
signature of third dredge up. At the very least, if CS 30322-
023 is a (single) TPAGB star, as Masseron et al. (2006) sug-
gest, it ertainly has undergone some nuleosyntheti pro-
essing in order to reah [C/Fe] ∼ +0.6 and [N/Fe] ∼ +2.8.
Convetive overshooting may also play a role in enhan-
ing third dredge up in low-mass stars: presriptions suh as
that of Herwig (2000) ontain free parameters whih have
the same eet as our ∆Mc,min and λmin.
Even with enhaned third dredge up eieny our mod-
els barely make enough CEMP stars to math the ob-
served fration. There are more exoti methods for inreas-
ing the number of CEMP stars. One is to arete mate-
rial from a TPAGB star on to a main-sequene star during
the ommon-envelope phase whih should our for most
TPAGB primaries that overow their Rohe lobe. We as-
sumed 0.05M⊙ is areted on to the main-sequene star,
whih is probably too muh (Riker & Taam, 2008), so
gives an upper limit. In any ase, if there is no thermoha-
line mixing in the main-sequene star even a tiny amount of
areted arbon-rih material should turn it into a CEMP
star. Still, even with 0.05M⊙ of areted material, only a
few extra CEMP stars are made. This is beause the pe-
riod range in whih AGB stars both have enough pulses to
beome arbon rih and then undergo RLOF is rather nar-
row. At a slightly smaller period RLOF ours too early,
i.e. after too few (or no) third dredge up episodes and little
or no arbon enhanement.
We also onsidered a redution in the ommon-envelope
parameter suh that αCE = 0.1. This does not inrease the
number of CEMP stars  instead it redues the number of
non-CEMP stars by foring many short-period systems to
merge. After the merger the stellar mass is so large that the
star evolves quikly and by the present age of the Galaxy it
is a white dwarf. We do not pretend that this mehanism is
realisti, but it may help to improve the CEMP/EMP ratio
math with observations.
A non-anonial dredge up event may lead to the forma-
tion of CEMP (and possibly NEMP) stars. Previous works,
suh as Komiya et al. (2007), have suggested that below a
ertain threshold metalliity, in their work [Fe/H] = −2.5,
dual shell ashes make all the required nitrogen and some
of the arbon and s-proess elements seen in CEMP stars.
The reent works of Cristallo et al. (2007) and Campbell
& Lattanzio (2008) indeed show some agreement with the
observed arbon and nitrogen abundanes. However, at the
metalliity under onsideration here ([Fe/H] ∼ −2.3) these
proton-ingestion events are not expeted to our  or
at least only in the lowest mass stars  and the number
of CEMP stars should drop as the metalliity inreases.
Extra mixing proesses, and a dependene on stellar prop-
erties other than the metalliity, may well blur the appar-
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ently sharp boundary between stars that undergo dual-shell
ashes and those that do not. Inorporation of the results
of Cristallo et al. (2007) and Campbell & Lattanzio (2008)
into our models is planned for future work.
A deliberate omission in the above is disussion of the
binary fration in low-metalliity stars. In order to obtain
anywhere near the observed CEMP fration we must as-
sume a 100% binary fration. This should be ompared to
about 60% in solar-neighourhood G dwarfs (Duquennoy &
Mayor, 1991) and probably higher among stars more mas-
sive than the Sun
7
.
We are left with the situation that in order for our mod-
els to ome lose to reproduing the observed CEMP/EMP
fration several physial parameters must be pushed to
the ends of their reasonable range of values. This is not
a very satisfatory solution, and probably indiates that
other phenomena require our onsideration, suh as a shift
in the initial mass funtion (Komiya et al., 2007; Luatello
et al., 2006), massive-star pollution, primordial supernovae,
aretion from the interstellar medium et. All of these so-
lutions to reproduing the CEMP/EMP fration have their
own problems. Most likely, some ombination of our physi-
al models with, say, a slightly-shifted IMF (or other initial
distribution), will better reprodue the CEMP/EMP fra-
tion. Our investigation into this is ongoing and will om-
prise future work.
Finally, we note that both the observational statistis
and the observed abundanes of CEMP stars are still uner-
tain. Interesting results regarding three-dimensional stellar
atmosphere models (Collet et al., 2007) may be of relevane
to CEMP studies. They onlude that the abundanes of
C, N and O in red giants with metalliity [Fe/H] = −3
may be overestimated by up to 1 dex in traditional one-
dimensional LTE model atmosphere analyses. If we apply
these orretions to the Suda database, with the rude as-
sumption of a linear saling as a funtion of metalliity
8
, the
resulting CEMP/EMP ratio drops to about 14% whih well
ts our enhaned dredge up models. We are not suggest-
ing this is the answer to the CEMP/EMP ratio problem,
but it highlights the fat that observed arbon and nitro-
gen abundanes, and hene CEMP number ounts, are still
quite unertain.
6. Conlusions
In an attempt to reprodue the observed CEMP to
EMP number ratio we have simulated populations of low-
metalliity ([Fe/H] = −2.3) binary stars with a variety of
input physis. Our model sets with eient third dredge up
in low-mass (down to 0.8M⊙) stars have CEMP to EMP
ratios of up to 15%, omparable with the observed ∼ 20%.
They also have low NEMP to EMP number ratios, in agree-
ment with the observations. Other parameters in our simu-
lations, suh as the eieny of wind aretion, the ommon
envelope parameter et., have only relatively minor eets
on our results.
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Appendix A: Dredge Up Presriptions
A.1. First dredge up
The hange in surfae abundane of isotopes j at rst
dredge up, ∆Xj , is interpolated from a table of detailed
models with Z = 10−4 in mass range 0.5 ≤ M/M⊙ ≤ 12.
A orretion fator fCNO = XCNO(TMS)/XCNO(ZAMS),
the ratio of CNO mass fration at the terminal-age main
sequene (TMS) and zero-age main sequene (ZAMS), is
then applied to CNO elements to take into aount are-
tion during the main sequene.
In the Izzard et al. (2006) model rst dredge up is
onsidered as an instantaneous event. In terms of time
evolution this is a reasonable assumption beause giant-
branh evolution is fast, but in terms of luminosity or
gravity this approximation is not good and it proves
diult to ompare to e.g. the [C/Fe] vs log (L/L⊙)
data of Luatello et al. (2006). To resolve this problem
the hanges in abundanes are modulated by a fator
fp = min [(Mc −Mc,BAGB) / (Mc,1DUPMAX −Mc,BAGB) , 1]
where Mc is the ore mass, MC,1DUPMAX is the ore mass
at whih rst dredge up reahes its maximum depth and
Mc,BAGB is the ore mass at the base of the giant branh,
before rst dredge up starts. Mc,BAGB is known from the
stellar evolution presription and MC,1DUPMAX, is interpo-
lated from a grid of models onstruted with the TWIN stel-
lar evolution ode (Eggleton & Kiseleva-Eggleton, 2002).
In summary, the surfae abundanes hanges at rst
dredge up are given by fCNOfp∆Xj . They agree well with
the detailed models, as a funtion of Mc, logL and time.
A.2. Third dredge up
Abundane hanges at third dredge up are treated in a
similar way to the presription of Izzard et al. (2004) and
Izzard et al. (2006). Intershell abundanes are interpolated
from tables based on the Karakas et al. (2002) detailed
models the metalliities of whih extend down to Z = 10−4.
In low-metalliity TPAGB stars dredge up of the
hydrogen-burning shell enhanes the surfae abundane of
13C and 14N (at higher metalliity the eet is negligible
beause the initial abundane of
13C and 14N is relatively
large). This is modelled by dredging up δM of hydrogen-
burnt material during eah third dredge up, where the
abundane mixture in this material is enhaned in
13C and
14N aording to
XC13 = 0.006×XC12 and (A.1)
XN14 = 0.28×XC12 , (A.2)
where
δM =
(
0.01
1 + 0.12.2−M(t)
)
×min
(
1,
[
NTP
10
]2)
×
(
1
1 + ǫMenv(t)−0.5
)
(A.3)
and M(t) is the instantaneous stellar mass, Menv(t) is the
instantaneous envelope mass, NTP is the thermal pulse
number, X12 is the envelope abundane of
12C and ǫ =
10−20. The rst term gives the amount of H-burnt mate-
rial dredged up, the seond term is a turn-on eet as the
star reahes the asymptoti regime and the third term is a
turn-o eet for small envelopes.
Appendix B: Mass-loss presriptions
We onsider three mass-loss presriptions for TPAGB stars.
VW93 The formalism of Vassiliadis & Wood (1993, VW93)
relates the mass-loss rate to the Mira pulsation period
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of the star, given by
P0 = 10
−2.07−0.90L/L⊙+1.94 log10(R/R⊙) days. (B.1)
The mass loss rate is then given by, as in Karakas et al.,
2002, i.e. without the M/M⊙ − 2.5 term of the original
VW93 presription,
M˙ = M˙VW0 = fVW (−11.4 + 0.0125P0) M⊙ yr
−1
(B.2)
unless P0 > (500−∆PVW) days in whih ase a super-
wind is applied
M˙ = max
(
M˙VW0, fVW
Lc
vw
)
(B.3)
where
vw = 10
5 (−13.5 + 0.056P0) cm s
−1 . (B.4)
The free parameters fVW and ∆PVW subtly aet the
mass-loss rate. The fator fVW is a simple multiplier,
whih is 1 by default (see model set 27 ). The period
shift ∆PVW allows the onset of the superwind to be
delayed, e.g. ∆PVW = −100 days in model set 33  it is
zero by default.
Reimers The Reimers mass-loss rate is given by
M˙ = 4× 10−13η
RL
M
M⊙ yr
−1 , (B.5)
where η is a parameter of order unity (Reimers, 1975)
whih we vary in model sets 10, 11 and 12.
van Loon In model set 13 we use the split form of van Loon
et al. (2005) appropriate to oxygen-rih red giants,
log10
[
M˙/(M⊙yr
−1)
]
={
−5.6 + 1.10l4 − 5.2t35 l4 < 0.9 and
−5.3 + 0.82l4 − 10.8t35 l4 ≥ 0.9 ,
(B.6)
where l4 = log10
(
L/104L⊙
)
and t35 =
log10 (Teff/3500K). Note, if Teff > 4000K we en-
fore a minimum mass-loss rate of 10−4M⊙ year
−1
beause the above formula an approah zero as the
temperature rises (and the envelope mass beomes
small) as a star approahes the white-dwarf ooling
trak.
Appendix C: Binary distributions
Our default binary-star distribution is the ombination of
1. The initial mass funtion (IMF) of Kroupa et al. (1993,
KTG93) for the initial primary mass M1
ψ(M1) =


0 M1/M⊙ ≤ m0
a1(M1/M⊙)
p1 m0 < M1/M⊙ ≤ m1
a2(M1/M⊙)
p2 m1 < M1/M⊙ ≤ m2
a3(M1/M⊙)
p3 m2 < M1/M⊙ ≤ mmax
0 m > m
max
(C.1)
where p1 = −1.3, p2 = −2.2, p3 = −2.7, m0 = 0.1,
m1 = 0.5, m2 = 1.0 and mmax = 80.0. Continuity re-
quirements and
∫
ψ(M)dM = 1 give the onstants a1,
a2 and a3.
2. A distribution at in q = M2/M1 for the initial se-
ondary mass M2, where M2 ≤M1
3. A distribution at in ln a (i.e. probability ∼ 1/a) for the
separation a where 3 ≤ a ≤ 105.
4. Initially irular binaries (exept for model set Ae5 ).
Appendix D: All Model Sets and Results
Table D.1 shows the full set of models we onsidered, of
whih Table 1 is a subset.
Table D.2 shows the full set of CEMP, CNEMP and
NEMP to EMP ratios for all our model sets of whih Table 3
is a subset.
Appendix E: Observation database
Our observational seletion is taken from the SAGA
database as ompiled by Suda et al. (2008) ombined with
data Luatello et al. (2006).
When data exists for the same star from more than one
soure, we take the arithmeti mean of the values and add
errors in quadrature. In the ase of log-values, e.g. [Fe/H] or
log g, we simply average the log-values rather than attempt
a more sophistiated approah. This makes little dierene
to our nal results. In the ase of data limits (e.g. x < 4) we
ignore the data  few data are of this type and the general
result is not aeted.
We ignore error bars in the sense that, e.g. a star with
[Fe/H] = −2.9 ± 0.2 is not inluded in our seletion, even
though it may well have  in reality  [Fe/H] = −2.7 and
hene qualify. This is the prie we pay for a simple seletion
proedure and in the large number limit (the database has
about 1300 stars) it is not a problem.
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Model Set Physial Parameters (dierenes from model set A)
A -
CEp1, CE3 αCE = 0.1 and 3 respetively
B Bondi-Hoyle αBH = 5
Ae5 Initial eentriity e = 0.5
8 CRAP parameter B = 103
E Third DUP alibration: ∆Mc,min = −0.07M⊙, λmin = 0.8
10, 11, 12 Reimers AGB wind: η = 0.1, 1 and 5 respetively
13 AGB wind of Van Loon
14, 15, C Common envelope aretion 0.01, 0.02 and 0.05M⊙ respetively
A1, A2
13C eieny parameter 0.1 and 0.01 respetively
D Thermohaline mixing disabled
At12, At8 Minimum CEMP age 12 and 8Gyr respetively
F Third DUP Menv,min = 0M⊙
27 Menv,min = 0M⊙, ξ13 = 0.01, ∆Mc,min = −0.1M⊙, λmin = 0.5, fVW = 0.1
28 Menv,min = 0M⊙, ξ13 = 0.01, ∆Mc,min = −0.1M⊙, λmin = 0.5
Ap5, Ap7 [C/Fe]
min
= 0.5 and 0.7 respetively
31, 32 As 27 with [C/Fe]
min
= 0.5 and 0.7 respetively
33 ∆PVW = −100 days
34, B1 Menv,min = 0M⊙, ξ13 = 0.01, ∆Mc,min = −0.1M⊙ with λmin = 0.1 and 0.8 respetively
36 Menv,min = 0.25M⊙, ξ13 = 0.01, ∆Mc,min = −0.1M⊙, λmin = 0.8
37, 38, 39, 40 Nelemans ommon-envelope presription, γ = 0.5, 1, 1.5 and 2 respetively
41 As 39 but Nelemans presription for q > 0.2 only (otherwise the default presription)
42 As 41 but Nelemans presription only for the rst ommon-envelope phase
B2 αCE = 0.1, Menv,min = 0M⊙, ∆Mc,min = −0.1M⊙, λmin = 0.5 , Comenv aretion 0.05, No thermohaline
44 38 and B2 ombined
45 As B1 with ξ13 = 0.1
48 Menv,min = 0M⊙, ∆Mc,min = −0.1M⊙, λmin = 0.5, ξ13 = 0.01
G Menv,min = 0M⊙, ∆Mc,min = −0.1M⊙, λmin = 0.8, ξ13 = 0.1
50 Menv,min = 0M⊙, ∆Mc,min = −0.1M⊙, λmin = 0.5, ξ13 = 0.001
51, 52, 53 Comenv aretion 0.05M⊙, Menv,min = 0M⊙,
∆Mc,min = −0.1M⊙, λmin = 0.5,
ξ13 = 0.1, 0.01 and 0.001 respetively
H, 55, 56 Comenv aretion 0.05M⊙, Menv,min = 0M⊙,
∆Mc,min = −0.1M⊙, λmin = 0.8,
ξ13 = 0.1, 0.01 and 0.001 respetively
57, 58, 59 Menv,min = 0M⊙, ∆Mc,min = −0.1M⊙,
λmin = 0.5,
ξ13 = 0.1, 0.01 and 0.001 respetively
Table D.1. The full list of our binary population models (a subset is shown in Table 1). The meanings of the symbols are given
in Setion 2.
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Model Set CEMP/EMP % CNEMP/EMP % NEMP/EMP %
A,A1,A2 2.300 ± 0.034 0.098 ± 0.002 0.267 ± 0.007
CEp1 2.370 ± 0.029 0.100 ± 0.002 0.273 ± 0.007
CE3 2.300 ± 0.033 0.097 ± 0.002 0.267 ± 0.006
B 3.050 ± 0.038 0.157 ± 0.003 0.323 ± 0.006
Ae5 2.150 ± 0.033 0.086 ± 0.002 0.249 ± 0.007
8 2.460 ± 0.034 0.101 ± 0.002 0.268 ± 0.006
E 2.900 ± 0.040 0.098 ± 0.002 0.267 ± 0.006
10 2.640 ± 0.032 0.208 ± 0.003 0.310 ± 0.005
11 1.490 ± 0.021 0.053 ± 0.001 0.091 ± 0.002
12 0.489 ± 0.009 0.005 ± 0.000 0.015 ± 0.001
13 0.101 ± 0.004 0.000 0.000
14 2.460 ± 0.035 0.099 ± 0.002 0.291 ± 0.007
15 2.640 ± 0.036 0.100 ± 0.002 0.303 ± 0.007
C 2.940 ± 0.038 0.103 ± 0.002 0.311 ± 0.007
D 4.210 ± 0.039 0.290 ± 0.003 0.409 ± 0.004
At12 2.230 ± 0.047 0.093 ± 0.003 0.258 ± 0.009
At8 2.480 ± 0.028 0.110 ± 0.002 0.278 ± 0.005
F 6.470 ± 0.030 0.103 ± 0.002 0.267 ± 0.006
27 8.840 ± 0.041 0.171 ± 0.003 0.273 ± 0.004
28 8.320 ± 0.039 0.103 ± 0.002 0.266 ± 0.006
Ap5 3.460 ± 0.042 0.203 ± 0.003 0.267 ± 0.004
Ap7 2.990 ± 0.039 0.158 ± 0.003 0.267 ± 0.005
31 11.600 ± 0.053 0.256 ± 0.003 0.273 ± 0.004
32 10.400 ± 0.048 0.221 ± 0.003 0.273 ± 0.004
33 2.490 ± 0.035 0.116 ± 0.003 0.340 ± 0.008
34 6.520 ± 0.030 0.103 ± 0.002 0.267 ± 0.006
B1 9.430 ± 0.044 0.103 ± 0.002 0.266 ± 0.006
36 5.640 ± 0.060 0.102 ± 0.002 0.267 ± 0.006
37 2.260 ± 0.036 0.096 ± 0.002 0.262 ± 0.006
38 2.270 ± 0.036 0.096 ± 0.002 0.264 ± 0.006
39 2.280 ± 0.035 0.097 ± 0.002 0.265 ± 0.007
40 2.300 ± 0.036 0.098 ± 0.002 0.265 ± 0.007
41, 42 2.280 ± 0.035 0.097 ± 0.002 0.265 ± 0.006
B2 14.900 ± 0.063 0.303 ± 0.003 0.425 ± 0.004
44 14.600 ± 0.066 0.286 ± 0.003 0.389 ± 0.004
45,G 9.430 ± 0.044 0.103 ± 0.002 0.266 ± 0.006
47 2.060 ± 0.028 0.000 0.002 ± 0.000
48, 50 8.320 ± 0.039 0.103 ± 0.002 0.266 ± 0.006
51, 52, 53 14.700 ± 0.064 0.298 ± 0.003 0.426 ± 0.004
H, 55, 56 15.500 ± 0.068 0.298 ± 0.003 0.426 ± 0.004
57, 58, 59 12.900 ± 0.057 0.278 ± 0.003 0.387 ± 0.004
Table D.2. Perentage of CEMP, CNEMP and NEMP (sub-)giants relative to total EMP giants in all our model binary populations
(see Setion 2.6 for seletion riteria). The errors onvey Poisson statistis only. The nal olumn gives the number ratio of CEMP-s
to CEMP stars.
